Abstract. Osteosarcoma is the most common primary malignant tumor of the bone. The long-term survivals continue to be unsatisfactory for patients with metastatic and recurrent disease. Metastasis is still a severe challenge in osteosarcoma treatment. Sinomenine, an alkaloid from traditional Chinese medicine, has been proved to possess potent antitumor and anti-invasion effect on various cancers. However, the effect of sinomenine on human osteosarcoma and the underlying mechanisms remains unknown. We report here that sinomenine inhibited proliferation by inducing S phase arrest and suppressing the clone formation. Significant inhibitory effects were found in invasion and metastasis in osteosarcoma, but little cytotoxicity was observed in tested concentrations. Exposure to sinomenine resulted in suppression of invasion and migration in osteosarcoma cells as well as tube formation ability in the human umbilical vein endothelial cells (HUVEC) and U 2 OS cells. Furthermore, it demonstrated that CXCR4 played a key role contributing to invasion in osteosarcoma which is considered to be a core target site in sinomenine treatment. Sinomenine inhibited invasion by suppressing CXCR4 and STAT3 phosphorylation then downregulating the expression of MMP-2, MMP-9, RANKL, VEGF downstream. In addition, then RANKL-mediated bone destruction stimulated by osteoclastogenesis and VEGF-related neovascularization were restrained. Importantly, in vivo, sinomenine suppressed proliferation, osteoclastogenesis and bone destruction. Through these various comprehensive means, sinomenine inhibits metastasis in osteosarcoma. Taken together, our results revealed that sinomenine caused S phase arrest, inhibited invasion and metastasis via suppressing the CXCR4-STAT3 pathway and then osteoclastogenesis-mediated bone destruction and neovascularization in osteosarcoma. Sinomenine is therefore a promising adjuvant agent for metastasis control in osteosarcoma.
Introduction
Osteosarcoma is the most common primary malignant bone tumor. It occurs mainly in children and adolescents with a very high tendency for local invasion and early systemic metastases (1, 2) . Generally, it is considered an aggressive malignancy that arises from mesenchymal origin which exhibits osteoblastic differentiation and produces malignant osteoid matrix (2) . The 10-year overall survival rate has improved to ~65% attributed to neoadjuvant chemotherapy and improved surgical techniques which nevertheless remains essentially unchanged during the past two decades (3, 4) . However, 10-year survival rates continue to be unsatisfactory for patients with metastatic and recurrent disease, respectively, 25% (5) and <20% (6) . Therefore, metastasis is still a severe challenge in osteosarcoma treatment. It is urgent to develop novel treatment options for management of osteosarcoma, especially for control of metastasis and recurrence.
Invasion and metastasis are important biological characteristics of malignant tumors. In progression of tumor invasion and metastasis, the degradation of extracellular matrix (ECM) and the basement membrane, isolation of cells and connective tissues, seem to be the important steps. The matrix metalloproteinase proteins (MMPs) are demonstrated to be involved in degradation of most extracellular matrix. They are overexpressed in malignancies and are considered to be associated with metastasis, invasiveness, migration and angiogenesis (7) . The gelatinase, MMP-2 and MMP-9, are the major proteases of all MMPs which contribute to migration and invasion in osteosarcoma pathogenesis. Furthermore, MMP activities are regulated by the tissue inhibitors of metalloproteinases (TIMPs). Imbalance between the expression of MMPs and Sinomenine prevents metastasis of human osteosarcoma cells via S phase arrest and suppression of tumor-related neovascularization and osteolysis through the CXCR4-STAT3 pathway TIMPs is a crucial element involved in the remodeling of the ECM exhibited in the process of cancer invasion and metastasis (8) . Therefore, the MMP-2 and MMP-9 are targets for anticancer drugs. Malignant bone lesions are very common in patients with cancer. Excessive osteogenesis and osteolysis concurrence in osteosarcoma resulting from tumor process. Receptor activator of NF-κB (RANK) and its ligand (RANKL) play pivotal roles in the regulation of bone remodelling to maintain bone homeostasis. One of most important inducement of osteolysis in osteosarcoma is overexpression of tumor-related RANKL. The over-activated RANKL stimulates numerous osteoclastogenesis and subsequent bone destruction and resorption (9) . Osteosaroma usually occurs in long bone cavities. The bone cortex and periosteum restrain the tumor in cavity mesooecium as a natural isolation. Along with the tumor progress, tumorrelated activation of MMPs and RANKL degrade the ECM and induce further bone cortex destruction, and then the tumor cells invade into the surrounding soft tissues with consequent metastasis.
Sinomenine (C 19 H 23 NO 4 , Fig. 1A ), an alkaloid isolated from the Chinese medicinal herb, has been successfully utilized to treat rheumatoid arthritis for centuries (10) . Furthermore, sinomenine has previously been demonstrated to have a wide range of pharmacological effects, including anti-inflammatory effects, immunosuppression, anti-angiogenic as well as analgesic effects. Sinomenine has attracted great attention for its anti-neoplasm potential. It has been demonstrated to inhibit cell proliferation and induce apoptosis in a variety of human tumor cells (11) (12) (13) (14) . Li et al (15) reported that sinomenine induces vasculature normalization that contributes to antitumor and anti-metastasis effect on breast cancer. In addition, inhibitory effects of sinomenine on cancer invasion and migration by repressing CD147 activity and subsequently downregulating the expression of MMP-2, MMP-9 were also revealed (16) . Although this evidence reveals sinomenine as a potential agent in cancer treatment, whether sinomenine suppresses the growth of human osteosarcoma has not been previously investigated.
In this study, we revealed the in vitro and in vivo anti-proliferative and anti-metastatic effects of sinomenine on human osteosarcoma cells. We found that sinomenine effectively inhibited cell proliferation by inducing S phase cell cycle arrest and colony formation in vitro. However, sinomenine showed little apoptotic inducement in U 2 OS and HOS cells at the dosages tested. Nevertheless, sinomenine suppressed neovascularization via regulating the related expression of VEGF and CD147. Additionally, sinomenine inhibited the invasion and migration by decreasing MMP-2 and MMP-9 secretion and activation through the CXCR4-STAT3 axis. Importantly, sinomenine prevented osteoclastogenesis by regulating the tumor-activated RANKL and reduced bone destruction in a mouse model. This study suggests sinomenine as a promising anti-metastatic drug in osteosarcoma adjuvant treatment. Reagents and antibodies. Sinomenine were purchased from Selleck Biochemistry (USA), and dissolved in PBS at a concentration of 500 mM and stored at -20˚C. The molecular formula of sinomenine is C19H23NO4 (Fig. 1A) . Antibodies against CXCR4, phospho-STAT3, STAT3, MMP-9, MMP-2, GAPDH, TIMP-1, TIMP-2, CD147, RANKL, NK-κB, and phospho-NK-κB were purchased form Cell Signaling Technology (USA) and Abcam (UK). VEGF antibody was purchased from Santa Cruz (USA). DMEM, RPMI-1640 medium, FBS, penicillin, streptomycin, PBS and 0.25% trypsin were purchased from Gibco/BRL (USA). CXCR4 inhibitor, Plerixafor (AMD3100), was purchased form Selleck (USA).
Materials and methods

Cells
Cell viability assay.
To assess the effects of sinomenine on proliferation of osteosarcoma cells, HOS and U 2 OS cells were seeded in 96-well plates at 5,000 cells/well and allowed to adhere for 12 h. Varying concentrations of sinomenine were supplemented to HOS and U 2 OS cells, the cells then incubated with 5% CO 2 at 37˚C for 24 and 48 h, respectively. The media were removed and the cells added with 10% CCK-8 (Dojindo, Japan) in 100 µl DMEM or RPMI-1640 for 2 h at 37˚C. The absorbance was measured using a MR7000 microplate reader (Dynatech, NV, USA) at 450 nm. Absorbance is directly proportional to the proliferation of cells.
Colony formation assay. The clonality of tumor cells is closely related to tumor recurrence. In order to assess the impact of sinomenine on the osteosarcoma cell monoclonal ability, clone formation assay was performed. Five hundred HOS or U 2 OS cells were seeded in 6-well plates and treated with different concentrations on the third day. The process was continued for 14 days or until cells had visible colonies. The cells were fixed in 4% paraformaldehyde for 15 min and washed 2 times with PBS before staining with 0.1% crystal violet for 10 min. The plates were photographed with ECL ChemiDoc imaging system (Bio-Rad, USA). The results were assessed by counting colonies using IPP software (Image Plus Pro).
Wound healing assay. The scratch migration assay is a classical method for assessing cell migration. HOS and U 2 OS cells were cultured in 6-well plates to 80% density. Scratch was made using a 100-µl pipette tip. Media was removed and the cells were treated with varying concentrations of sinomenine in DMEM or RPMI-1640 without FBS. The width of the denuded area was measured every 6 h under a microscope. Images were taken. The migration rate was calculated following the equation: migration rate = (average original width -average final width) / average original width x 100%.
Gelatin zymography assay. The gelatin zymography assay was used to evaluate the activities of gelatinase MMP-2 and MMP-9. HOS or U 2 OS cells were seeded in 6-well plates at 3x10 5 per well and cultivated for adherence. The cells were treated with different concentrations for 48 h and harvested by trypsinization. RIPA lysis buffer (Boster Biotechnology, Wuhan, China) was supplied for cell lysis for 30 min and then centrifuged for 15 min at 4˚C. Supernatant was collected to determine the total protein concentration using BCA Protein Assay kit (Beyotime Biotechnology, China). Equivalent amounts of protein samples were mixed with non-denatured loading buffer. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (10%) was performed with 0.1% gelatin at 80 V, for 2-3 h at 4˚C. The gels were removed and incubated with activation buffer (50 mM Tris-HCl, 5 mM CaCl 2 , 1 µM ZnCl 2 , 0.02% NaN 3 ) at 37˚C for 48 h. The gels were stained with 0.05% Coomassie blue (R-250) for 3 h and destaining in methyl alcohol, acetic acid destaining solution until clear bands were visible, then images were taken.
Transwell invasion assay. Transwell invasion assays were performed to assess osteosarcoma HOS and U 2 OS cell migration and invasion ability. The Martrigel (BD, USA) was applied to simulate the extracellular matrix (ECM), and 10,000 HOS or U 2 OS cells were seeded in the Transwell chamber in 200 µl non-FBS medium with different concentrations of sinomenine and 500 µl 20% corresponding FBS was placed in the lower 24-well plates. High serum concentration as a chemotactic factor stimulated OS cells to break through the Martrigel and to migrate from the chambers to the lower wells. The penetrated cells adhered on the lower chamber membranes, and their number were counted under three random high power fields. Images were taken under a microscope.
ELISA of MMP-2 and MMP-9 secretion. Cells were seeded at 3x10 5 per 6-well plate with suitable medium and treated with sinomenine the next day. The cells underwent treatment for 48 h, then the supernatant was collected for enzyme-linked immunosorbent assay (ELISA). ELISA kit for secreted MMP-2 and MMP-9 were purchased from Boster Institution Biochemistry (Wuhan, China). The assay was performed following the manufacturer's instructions.
Tube formation assay. Matrigel was implanted in a 96-well plate at 100 µl per well at 37˚C overnight. HUVEC cells (2x10 4 ) or U 2 OS cells then were seeded in the wells with 100 µl 1.5% FBS low-sugar DMEM or PRMI-1640 medium respectively (4 repeats). Different concentrations of sinomenine were given and the HUVEC cells were incubated. Images were first taken under a microscope at 3 h acquiring the tube-like structures formation, and then every one hour. The total tube length were measured by IPP software.
Western blot analysis. Cells were lysed in RIPA buffer (Beyotime, Shanghai, China). Total proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then transferred to a 0.22-µm PVDF membrane (Millipore, Shanghai, China). After blocking with 5% non-fat milk for 2 h, the membranes were incubated overnight at 4˚C with antibodies. Horseradish peroxidase (HRP)-conjugated goat anti-mouse (1:1,500, Thermo Pierce) or goat anti-rabbit IgG (1:1,500, Thermo Pierce) was applied as secondary antibody for 1 h at room temperature. The immunoreactive bands were detected using an enhanced chemiluminescent detection reagent (Pierce) and exposured by ChemiDoc imaging system (Bio-Rad).
Human osteosarcoma orthotopic experiment. Four-week-old, female BALB/c-nude mice were purchased from Shanghai Laboratory Animal Center of Chinese Academy of Sciences. The HOS cells were transfected luciferase (HOS-Luc) for imaging in vivo. The tumors were established by injecting 50 µl PBS containing 10x10 6 HOS-Luc resuspension cells into the left tibia marrow cavity using 1 ml injection through upper tibia tubercle from the knee. Six mice were not injected as non-tumor negative control. At the 10th day after HOS-Luc injection, luciferase-imaging was performed to make sure the tumor tissue located in orthotopic tibia and the total tumor number reached 10x10 7 . The mice with very low luciferase signal, or tumor tissues not located in the tibia were sacrificed. Then the sinomenine treatment was carried out. The mice were divided into two group randomly (6 mice each group), to receive intraperitoneal rejection of 200 µl PBS or 150 mg/kg sinomenine. The treatment lasted for 14 days, the body weight was determined every 2 days. As the tumor located in the tibia cavity with an irregular shape, it is difficult to measure the tumor volume. Luciferase fluorescent signal was detected every week to estimate the tumor growth. All the mice were sacrificed at day 14 after treatment. The venous blood was collected from the mouse orbita for blood biochemical tests. The tumor tissues were dissected and fixed in formalin.
All the procedures involving clinical specimens were approved by the Research Ethics Committee of the Second Affiliated Hospital of Zhejiang University School of Medicine, China.
Immunofluorescent staining for histology of Ki-67. The Ki-67 potein, as a marker of cell proliferation, is used in evaluating the tumor differentiation, invasion, metastasis and prognosis. The Ki-67 antibody was purchased from Cell Signaling Technology (CST, USA). The dewaxed slices received antigen retrieval and were blocked by 2% goat fetal serum for 1 h, and then incubated with Ki-67 antibody for 2 h at room temperature. The fluorescent secondary antibody (Alexa Fluor ® 488, ZSGB-BIO, Beijing, China) was added and incubated with the slices for 1 h and the DAPI staining for nucleus location for 5 min. After two PBS washes and resin mounting, the results were observed under a fluorescence microscope and images were taken. The images were merged using IPP software.
TRAP staining. In order to evaluate the tumor-associated osteolysis in tibia, tartaric acid alkaline phosphatase (TRAP) stain was performed. In brief, the dewaxed slices were washed twice with PBS, and then the manufacturer's instructions (Keygen Biotech, Nanjing, China) were followed. The results were observed under a microscope after gradient alcohol dehydration and resin mounting. The images were taken and merged by IPP software.
X-ray for orthotopic human osteosarcoma in nude mouse tibia. X-ray treatment was implemented to estimate the tumorassociated osteolysis in tibia. The legs with the orthotopic human osteosarcoma in tibia cavity were resected from middle of femur and fixed in formalin. All the samples underwent X-rays.
Tumor histology. Paraffin sections were dewaxed and hematoxylin and eosin stained. In order to better demonstrate bone destruction by tumor-associated osteolysis in tibia, fast green staining was applied.
Statistical analysis. Statistical analysis was performed with SPSS 17.0 software. Statistical significance was determined using two-tailed Student's t-test when comparing two groups. All experiments were performed at least in triplicate and the data are presented as mean ± SD with a P-value of ≤0.05 considered as statistically significant.
Results
Sinomenine shows little cytotoxic effect on HOS and U 2 OS cells. In order to assess whether sinomenine had immediate toxic effect on osteosarcoma cells, the osteosarcoma cell lines HOS and U 2 OS were exposed to different concentrations of sinomenine with 24 and 48 h. The cell viability was evaluated by CCK-8 assay. Sinomenine showed slight cytotoxicity on both HOS and U 2 OS cells (Fig. 1B and C) at the concentration of 50, 100 and 400 µM, and also 1 mM in HOS (Fig. 1B) . We considered it might be difficult to achieve blood drug concentration in the subsequent experiment in vivo. The inhibitory effect of sinomenine on invasion and migration in malignancy has been reported (17) . So our research focused on the inhibition of sinomenine in invasion and migration in osteosarcoma.
Sinomenine induces S phase arrest by regulating cell cycle regulators. To determine whether sinomenine inhibits cell proliferation by inducing cell cycle arrest, we detected the cell cycle distribution in cells treated with sinomenine. The results showed that sinomenine led to accumulation in S phase in both HOS and U 2 OS cells ( Fig. 2A and B) . The quantitative analysis indicated significant differences in S phase (Fig. 2C) . To elucidate the mechanisms, western blot analysis was performed to measure the expression of cell cycle regulated proteins. Treatment increased the phosphoChk2 and it might be caused by sinomenine-induced DNA damage. The phospho-Chk2 activated the p21, which could be stimulated by phospho-p53. The activity of Cyclin A-CDK2 complex was inhibited by upregulated p21 which contributed to promote cell cycle from S phase into G2/M phase ( Fig. 2D and E). The data suggest that sinomenine induces S phase arrest by altering cell cycle regulation induced by DNA damage.
Sinomenine inhibits clone formation in osteosarcoma cells.
The residual tumor cells from chemotherapy or operation might lead to tumor recurrence depending on the cell monoclonal ability. The results showed that 400 µM sinomenine inhibited the colony formation markedly in both HOS and U 2 OS cells. There was an obvious decline in clone number and size (Fig. 3) . It suggests that sinomenine inhibits the monoclonal ability in osteosarcoma cells.
Sinomenine inhibits invasion and migration in HOS and U 2 OS. We investigated the effect of sinomenine on invasion and migration in HOS and U 2 OS cells by wound healing and Transwell Matrigel assays. Treated HOS and U 2 OS cells show less migration into the scratched zone ( Fig. 4A and B) . The migration rate deceased from 81.13 to 62.62% in HOS and 70.72 to 49.61% in U 2 OS cells (Fig. 4C and D) . The Matrigel was used to simulate the ECM in Transwell invasion assay. Less HOS and U 2 OS cells digested the Matrigel to go through the Boyden chamber membrane after 400 µM sino-menine treatment at 24 h (Fig. 4E) . The average number of invading cells reduced from 173 to 38 in HOS and 66 to 16 in U 2 OS cells per field at 400 µM (Fig. 4F) . Overall, these results clearly indicate that sinomenine inhibits not only migration, but also invasion significantly in osteosarcoma.
Anti-vasculogenic activity in osteosarcoma of sinomenine.
Angiogenesis is considered playing a central role in tumor unrestrained growth and development of metastases (18) . We tested the effet of sinomenine on anti-vasculogenic activity. The sinomenine treated HUVECs (human umbilical vein endothelial cells) showed lower tube formation ability than control group dose-dependently (Fig. 5A) . The relative tube length was estimated by IPP software. Fig. 5B shows relative tube length of treated-group reduced by 60.51% compared to control group at the concentration of 400 µM.
Previous studies have reported that U 2 OS cells have the ability to form tumor tube-like structures under hypoxicischemic conditions. We investigated the inhibiting effect of sinomenine on tumor tube-like formation in U 2 OS cells. The results demonstrated that U 2 OS cells had the capacity to form tube-like structures in vitro in Matrigel and under low FBS conditions, and this can be inhibited by sinomenine (Fig. 5C  and D) . The vascular endothelial growth factor (VEGF) is considered indispensable in tumor associated neovascularization (19) . CD147, also named basigin or emmprin, is demonstrated to induce angiogenesis via stimulation of VEGF production. Furthermore, in tumors, CD147 most likely stimulates matrix metalloproteinase production (20) .
In order to investigate the mechanism of anti-neovascularization of sinomenine, western blot analysis was performed to measure the expression of VEGF and CD147. A significant decrease was observed after treatment ( Fig. 5E-G) .
Sinomenine inhibits the expression, secretion and activity of MMP-2 and MMP-9.
Matrix metalloproteinase (MMP) plays a crucial role in ECM degradation in tumorigenic processes, especially the gelatinase, MMP-2 and MMP-9. Gelatin zymography was performed to estimate the enzymatic activity of MMP-2 and MMP-9. Supernates collected from treated HOS and U 2 OS cells showed a narrower band and indicated less gelatinase activities in a dose-dependent manner (Fig. 6A) . The results of zymography quantitative analysis showed no significant difference in HOS except at 400 µM concentration of MMP-2. Whereas, marked decline was observed in U 2 OS cells (Fig. 6B and C) . ELISA of supernates for MMP-2/-9 provided similar results, with a better inhibition in U 2 OS than HOS cells (Fig. 6D) . ELISA was performed to detect the external secretion of MMP-2 and MMP-9 by osteosarcoma cells. The secretion of MMP-2 in HOS and U 2 OS was declined from 242.62 to 148.28 ng/ ml and 190.26 to 86.76 ng/ml respectively. On the contrary, the secretion of MMP-9 in HOS and U 2 OS decreased from 220.25 to 123.43 ng/ml and 162.62 to 24.61 ng/ml, respectively (Fig. 6D) . Western blot analysis was performed to measure the protein experession of MMP-2 and MMP-9, and, its tissue inhibitor TIMP-1 and TIMP-2 semi-quantitative gray values were calculate by IPP software. The results showed that the expression of MMP-2 and MMP-9 had decreased, and TIMP-1 and TIMP-2 increased correspondingly after sinomenine treatment in both HOS and U 2 OS cells ( Fig. 6E  and F) . Overall, these results clearly demonstrate that sinomenine inhibits not merely the enzymatic activity of MMP-2 and MMP-9, but also the expression resulting in reduction of the secretions.
Inhibition of CXCR4 downregulates MMP-2 and MMP-9 expression and suppresses invasion in U 2 OS.
It has been reported that CXCR4 signaling activates the STAT3 pathway and contributes to invasion, metastasis and tumorigenesis in many types of cancers. We obtained primary cells derived from three patients suffering from osteosarcoma and the expression of CXCR4 was assessed by western blot analysis. The expression of CXCR4 was increased in osteosarcoma primary cells (OS1, OS2 and OS3, Fig. 7A ) compared with hFOB cells (human fetal osteoblast). The expression of MMP-2 and -9 was downregulated through inhibiting CXCR4 by plerixafor, and the inhibition could be reversed by CXCR4 activator SDF-1 (Fig. 7B) . The invasion potential also decreased when we blocked the CXCR4 pathway by its specific inhibitor plerixafor, and the inhibition could be reversed by CXCR4 activator SDF-1 (Fig. 7C) . Similar results were observed in sinomenine treatment groups (Fig. 7B-D) . The evidence demonstrated that CXCR4 plays an important role in contributing to invasion in osteosarcoma by regulating the expression of MMP-2 and MMP-9. Based on the outcomes between plerixafor and sinomenine treatment, we speculate that CXCR4 is the core site for sinomenine therapy. 
Sinomenine inhibits invasion through CXCR4-STAT3 pathway.
Sinomenine treatment inhibited expression of CXCR4 and the STAT3 phosphorylation according to western blot and immunofluorescence analysis (Fig. 8A-C, H and I) as well as the expression of RANKL and NF-κB (p65) phosphorylation (Fig. 8A, D and E) . The downregulated expression of CXCR4 by sinomenine was activated via SDF-1 and subsequently upregulated the expression of RANKL, VEGF, MMP-2 and MMP-9 ( Fig. 8F and G) which indicated CXCR4 playing a key role in sinomenine treatment to regulate STAT3 phosphorylation and RANKL, VEGF, MMP-2/-9 expression downstream.
All these studies prove that sinomenine inhibits invasion and metastasis through suppressing CXCR4 and STAT3 phosphorylation and then downregulating expression of MMP-2 and -9, VEGF and RANKL.
Sinomenine inhibits proliferation and osteolysis destruction of osteosarcoma in vivo. In vivo effect on osteosarcoma was detected via intraperitoneal administration of sinomenine in tumor orthotopic mouse model at 150 mg/kg. The HOS-Luc cells were injected in left tibia cavity. The tumor samples were harvested by abscission from middle femoral. H&E osteolysis were viewed under high power field (Fig. 9C, H&E  staining, control group) . The tumor cells invaded periosteum inducing classical Codman triangle in osteosarcoma (Fig. 9C, H&E staining, sinomenine-treatment group, high power field). All the H&E staining results suggested that it was a high-grade malignant tumor. The bone cortex showed serious destruction in the control group, but the condition improved in the sinomenine treatment group. The fast green staining showed the ossein equal to bone cortex and also indicated improvement to the bone destruction by sinomenine treatment (Fig. 9C, fast green staining) . TRAP staining was performed to indicate the tumor associated osteoclastogenesis in bone and tumor tissue. The number of osteoclast declined significantly after 150 mg/kg-sinomenine treatment .05, compared with control, NS, no significance. (F and G) The U 2 OS cells were incubated with sinomenine and with or without SDF-1 (100 ng/ml, pre-incubate for 2 h before sinomenine) for 48 h, the cells were harvested for western blot analysis. * P<0.05, compared with control; # P<0.05, compared with sinomenine treatment; ## P<0.01, compared with sinomenine treatment. (H and I) Immunofluorescent staining for U 2 OS cells. The 48-h sinomenine treated U 2 OS cells were harvested for immunofluorescence. The cell nucleus was labeled with DAPI (blue), the actin filament was labeled by actin-tracker (green) for cytomembrane location. The target proteins were stained using CXCR4 (bar, 200 µm) and p-STAT3 (bar, 20 µm) antibody, and then incubated with fluorescent secondary antibody (Alexa Fluor 488, red). The images were merged by IPP software. GAPDH was used as internal control. Experiments were repeated three times. ( Fig. 9C, TRAP staining) . The results of blood biochemistry examination for ALP and LDH are presented (Fig. 9E) .
Discussion
Osteosarcoma is the most common primary malignant bone tumor. Although the long-term survival reaches 68%, the prognosis of patients with recurrence and metastasis in osteosarcoma is poor (6, 21) . Innovative pharmaceuticals need further improvement of outcome in osteosarcoma, especially in metastatic management. Sinomenine, traditional Chinese herbal medicine, is known because of its anti-inflammatory effect on arthritis (22) (23) (24) . Substantial research has reported that sinomenine has antitumor activity in various malignant tumors. Li et al reported that sinomenine induces breast cancer cell death via MAPK signal pathway and reactive oxygen species (ROS) generation (15) . Combined chemotherapy with senomenine treatment (25) (26) (27) (28) has been revealed to sensitize multidrug-resistant cancer cells in various cancers. Song et al demonstrated that sinomenine inhibited invasion and migration in breast cancer by suppressing NF-κB activation (17) . Furthermore, there are studies suggested that sinomenine inhibits metastasis via suppressing vascularization and osteoclast formation (29, 30) . Sinomenine has been reported to be anti-neoplasmic by promoting apoptosis in several cancer lines (28, 29) , but we did not find similar results in our study in osteosarcoma. Nevertheless, significant inhibitory effects were found on proliferation and metastasis via S phase arrest and the functions in anti-osteolysis, anti-neovascularization, and suppression of the secretion and activation of MMP-2 and MMP-9 through CXCR4-STAT3 pathway in vitro and in vivo.
Unlike previously reported (13,15), we found a significant S phase arrest in the cell cycle, using flow cytometry and protein level western blot analysis. Both the HOS and U 2 OS cells were blocked in S phase by sinomenine-treatment DNA damage ( Fig. 2A-C) . The checkpoint kinase Chk2 was activated and phosphorylated for DNA repair which induced downstream phosphorylation of p53 and activation of p21. The function of cyclin A-CDK2 complex was suppressed by p21 which contributed to block cells from S phase into G2 phase (Fig. 2D) . We did not assess the cycle regulator expression in HOS cell line because of its p53 deficiency. We repeated our experiments and speculate the different results to be due to different cycle regulator expression in the various malignancies.
CXCR4 is capable of directing the trafficking of normal and malignant cells to organs that express high levels of stromal-derived factor-1 (SDF-1), including the lymph nodes, lungs, liver and bone. CXCR4 involvement in metastasis has been suggested in a variety of tumors and its expression in the primary site has been clinically correlated with tumor progression or poor survival in osteosarcoma. It is generally recognized to be associated with metastasis and play an essential role in cell migration and invasion (31-35). Constitutive activation of STAT3 has been found in a wide variety of human tumors. Aberrant STAT3 signaling promotes initiation and progression of human cancers by either inhibiting apoptosis or inducing cell proliferation, angiogenesis, invasion, and metastasis. It has been reported that CXCR4 signaling activates the JAK2/STAT3 pathway in many types of cancers (36, 37) . To elucidate the signaling pathways underlying sinomenine-mediated responses in osteosarcoma cells, we further investigated the effects of sinomenine on CXCR4 and STAT3 pathways. In this study, we found overexpression of CXCR4 in human primary osteosarcoma. In addition, we explored the role of CXCR4 contributing to cell invasion in U 2 OS cells. Downregulating the CXCR4 by its specific inhibitor plerixafor suppressed the expression of MMP-2 and MMP-9 (Fig. 7B) while inhibited the invasion assessed by Transwell assay (Fig. 7C) . The inhibitory effect induced by CXCR4 downregulation could be blocked by CXCR4 activator SDF-1. Our results were compared with sinomenine treatment group (Fig. 7B and C) . The sinomenine decreased the expression of CXCR4 and MMP-2 and -9 in U 2 OS and the inhibitory effect was reversed by using SDF-1 in the treatment group. There results suggested the essential role of CXCR4 in contributing to invasion and as acting site in sinomenine treatment in osteosarcoma cells. The western blot analysis and immunofluorescence staining confirmed our viewpoint ( Fig. 8A and I ). The sinomenine treatment indeed suppressed the expression of CXCR4 and its downstream STAT3 phosphorylation and the MMP-2 and MMP-9. Further study revealed that SDF-1 activated sinomenine-inhibited CXCR4, which had a positive correlation to RANKL, VEGF and MMP-2 and -9 expression and in Transwell assay. In addition, our results showed that sinomenine treatment inhibited tube formation ability of HUVECs. The capacity of U 2 OS cells to form tube-like structures was also surppressed by sinomenine. Thus, strong evidence was provided that sinomenine inhibited invasion and metastasis mainly through CXCR4-STAT3 pathway and then regulated the expression of MMP-2, MMP-9, RANKL and VEGF downstream in osteosarcoma.
Osteoclasts are multinucleated cells of hematopoietic origin and are responsible for the degradation of mineralized bone matrix. RANKL is a key cytokine for osteoclast differentiation, survival and function (38) . Activation of the NF-κB pathway is a key factor in RANKL-induced osteoclast differentiation. Blocking RANKL and its associated signaling cascades is a vital step for successful treatment of some osteoclast-related diseases. Our results showed that sinomenine inhibited the expression of RANKL and phospho-NF-κB. In addition, an orthotopic mouse model of osteosarcoma was used to investigate the treatment effects of sinomenine in vivo. In X-ray examination, bone destruction improved in sinomenine treated group comparing with the control group (Fig. 9B) . H&E staining and fast green staining also displayed that bone cortices were destructed more seriously in the control group (Fig. 9C) . TRAP staining was performed to examine the tumor-associated osteoclastogenesis in bone and tumor tissue, showing that the number of osteoclasts declined significantly after sinomenine treatment. The in vivo results further confirmed sinomenine as a potent suppressor of osteoclast formation and bone destruction and resorption.
The osteogenic marker ALP is highly expressed inside normal bone and osteosarcoma cells. The serum ALP level increases with bone destruction because the ALP is released into serum from bone cells. Therefore, generally the high level of ALP is considered to be associated with osteolysis and disease progress which indicates a poor prognosis in clinic. Thus, ALP is adopted as clinically meaningful marker in diagnosis and predicting prognosis in osteosarcoma (39, 40) . Serum LDH are also known to reflect the tumor burden and associated with poor prognosis (41) . Decrease of ALP or LDH levels may be a symptom of a positive reaction to treatment. In our study, the levels of serum ALP increased significantly in tumor group compared with tumor-free group, and decreased markedly after sinomenine treatment, which reflect positive treatment effects of sinomenine. However, in evaluation of serum LDH, we did not observe this tendency. Contrarily, the LDH level increased in the treatment group. This might be due to the hepatic impairment induced by sinomenine. Combined with TRAP, H&E, and X-ray examination, we have reason to believe that sinomenine-treatment restraints bone destruction and osteolysis in osteosarcoma through inhibiting RANKL-NF-κB expression and tumor-associated osteoclast activation. The immunohistochemistry confirmed that sinomenine downregulated the RANKL and VEGF expression by inhibiting CXCR4 in vivo.
There are still deficiencies in our experiment. We only verified the CXCR4-STAT3 pathway in U 2 OS cells, but not in HOS cells considering its P53 gene loss and atypical signal regulation in vitro. It might be better to complete it in HOS cells. The orthotopic tumor histology sections were made in tibia transection not in shaft position. It most probably missed the typical osteolysis area in tibia cortex. It would be better to make the sections in tibia axle. We found the mouse blood biochemistry of LDH increased after sinomenine treatment. We speculated it might be induced by drug hepatotoxicity. We did not harvest the mice liver for further examination, and we did not meet the inhibitory effect on tumor growth in osteosarcoma through sinomenine treatment. Tumor cells seeded in marrow cavity also developed in tibia around soft tissues in treatment group even if under low bone destruction and osteolysis condition. It indicates a complicated progress in osteosarcoma development, the bone cortex is destroyed not only by tumor-associated osteoclastogenesis, but also direct aggression by osteosarcoma cells. There might be a better outcome if higher doses were given or sinomenine combined with other agents in osteosarcoma therapy.
In conclusion, this study is the first to demonstrate that sinomenine can effectively inhibit the proliferation by inducing S phase arrest, and suppresses metastasis in osteosarcoma via downregulating CXCR4-STAT3 signal pathway and then restraining the RANKL-mediated bone destruction stimulated by osteoclastogenesis and VEGF-related neovascularization in osteosarcoma. The above results suggest that sinomenine may be a promising adjuvant agent for metastatic control in osteosarcoma.
